Loganathan R, Novikova L, Boulatnikov IG, Smirnova IV. Exerciseinduced cardiac performance in autoimmune (Type 1) diabetes is associated with a decrease in myocardial diacylglycerol. J Appl Physiol 113: 817-826, 2012. First published July 12, 2012 doi:10.1152/japplphysiol.01626.2011One of the fundamental biochemical defects underlying the complications of diabetic cardiovascular system is elevation of diacylglycerol (DAG) and its effects on protein kinase C (PKC) signaling. It has been noted that exercise training attenuates poor cardiac performance in Type 1 diabetes. However, the role of PKC signaling in exerciseinduced alleviation of cardiac abnormalities in diabetes is not clear. We investigated the possibility that exercise training modulates PKC-␤II signaling to elicit its beneficial effects on the diabetic heart. biobreeding diabetic resistant rats, a model reminiscent of Type 1 diabetes in humans, were randomly assigned to four groups: 1) nonexercised nondiabetic (NN); 2) nonexercised diabetic (ND); 3) exercised nondiabetic; and 4) exercised diabetic. Treadmill training was initiated upon the onset of diabetes. At the end of 8 wk, left ventricular (LV) hemodynamic assessment revealed compromised function in ND compared with the NN group. LV myocardial histology revealed increased collagen deposition in ND compared with the NN group, while electron microscopy showed a reduction in the viable mitochondrial fraction. Although the PKC-␤II levels and activity were unchanged in the diabetic heart, the DAG levels were increased. With exercise training, the deterioration of LV structure and function in diabetes was attenuated. Notably, improved cardiac performance in training was associated with a decrease in myocardial DAG levels in diabetes. Exercise-induced benefits on cardiac performance in diabetes may be mediated by prevention of an increase in myocardial DAG levels.
diabetic cardiomyopathy; protein kinase C-␤II; bio-breeding diabetes resistant rat DIABETES MELLITUS PROFOUNDLY compromises the cardiovascular health of the individual (9) . The major cause of mortality and morbidity in individuals with diabetes is cardiovascular disease (17) . The presence of cardiomyopathy in individuals with longstanding diabetes was speculated in a 1972 report (45) and was later extended by the Framingham study, which described an excess in the number of insulin-treated diabetic individuals afflicted with cardiac failure, unaccounted by coronary heart disease (29) . Later reports confirmed the presence of diabetic cardiomyopathy (DCM) in individuals with both Type 1 and Type 2 diabetes (4, 52) . The cardiac effects of chronic hyperglycemia manifest as abnormalities of both active and passive cardiac functional apparatus (for e.g., myocardial mitochondria and interstitial collagen, respectively), ultimately resulting in cardiac failure (15, 57) . The pathological condition of the myocardium preceding overt cardiac failure has been described as DCM (4) .
Several studies have reported an elevation of tissue diacylglycerol (DAG) levels under hyperglycemic conditions (9, 27) . A critical signaling step that links hyperglycemia to diabetic complications involves the DAG-induced activation of protein kinase C (PKC) (18, 35) . In the diabetic heart, however, activation of PKC-␤II isoform has been shown to underlie the pathogenesis of DCM (26) . Cardiac PKC-␤II activation resulted in cardiomyopathy with interstitial fibrosis and hypertrophy (7, 55) . Consequently, increased DAG levels and PKC-␤II activation in the diabetic heart have been considered to be the critical steps in the pathology of DCM.
Exercise training is of particular interest in both the prevention and treatment of DCM, as a number of studies clearly indicate a beneficial role for exercise in the amelioration of cardiac abnormalities in Type 1 diabetes (8, 13, 14, 46, 47) . However, mechanism(s) of exercise-induced benefits in DCM remains elusive. In this study, we investigated, in a rat model of diabetes that is reminiscent of human autoimmune diabetes pathogenesis (41) , the possibility of molecules involved in cardiac PKC-␤II signaling, as mediators of exercise-induced effects in DCM. We hypothesized that exercise-induced cardiac benefits, if any, in the bio-breeding diabetes resistant rat (BBDR) model of autoimmune diabetes are mediated by components of PKC-␤II signaling in the diabetic myocardium. We verified the effects of exercise training on the protein expression levels, activation, and activity of PKC-␤II. We also verified the effects of exercise training on the major activator and inhibitor of PKC-␤II, namely, DAG and sphingosine, respectively. Our investigation revealed that exercise training was associated with a remarkable decrease in the cardiac DAG level in diabetic rats, suggesting that the favorable changes in cardiac structure and function associated with exercise training in DCM could be mediated by the prevention of an otherwise significant increase in the DAG levels. Thus exercise may exert its beneficial effects by targeting a critical biochemical defect involved in the pathogenesis of DCM.
METHODS
Ethics statement. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center. All surgery was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.
Animal maintenance and induction of Type 1 diabetes. Thirty-two male BBDR rats (Biomedical Research Models), aged 23-25 days, were randomized to the following four groups (n ϭ 8/group): 1) nonexercised nondiabetic (NN); 2) nonexercised diabetic (ND); 3) exercised nondiabetic (EN); and 4) exercised diabetic (ED). Animals were housed in standard rat cages (one rat per cage) in pathogen free environment maintained at 19°C. Standard rat chow and water were fed ad libitum. Autoimmune diabetes was induced in ND and ED groups by injection of the anti-RT6 monoclonal antibody DS4.23 hybridoma supernatant (kindly provided by Dr. Dale L. Greiner, University of Massachusetts Medical Center) 2 ml/day for 5 days/wk. The supernatant was combined with a nonspecific immune system activator polyinosinicpolycytidylic acid (Poly I:C, Sigma, St. Louis, MO; 5 g/g body mass, 3 days/wk), as described previously (53) for injections. NN and EN animals were injected with vehicle. After confirmation of increased plasma glucose levels (Ն200 mg/dl) for 3 consecutive days, the rats were considered diabetic. Plasma glucose levels were measured every day using a digital glucometer (Accucheck, Roche Diagnostics, Indianapolis, IN). Insulin was delivered to diabetic rats by a subcutaneous osmotic pump at a flow rate (0.25 l/h) predetermined by the manufacturer(ALZET, Cupertino, CA) (34) . Body mass was recorded twice per week in all groups. Glycated hemoglobin (HbA1c) levels were measured at the end of the experiment using antibody-based A1cNow meter (Metrika, Sunnyvale, CA), as described (37) .
Exercise training protocol. The rats from EN and ED group were trained using our moderate-endurance treadmill training protocol (51), comparable to other reports (13, 14) . Training was initiated in the diabetic rats a day following insulin pump implantation. Rats in the exercise groups were trained on a treadmill with custom-built running tracks for 8 wk. The training intensity and duration began at 15 m/min for 5 min on day 1 and progressed to 20 m/min for 50 min by the end of week 2. The rats maintained the intensity and duration of 20 m/min for 60 min/day for the remaining 6 wk (5 days/wk). To rule out the confounding effects of nontraining factors in the training environment, all animals in the NN and ND groups were handled every day and subjected to the sound of the running treadmill by placing their cages next to the exercising animals.
Physical activity challenge. After 8 wk of training, rats were evaluated for their ability to sustain a physical activity challenge, as our laboratory described in details previously (37) . Briefly, on culmination of exercise training, the efficacy of metabolically active lean tissue (skeletal and cardiac muscles) to sustain a physical challenge was tested in all groups of animals. The rats were scored on a 30-min running challenge. The rats ran for 5-min intervals at the following speeds: 5, 10, 15, 20, 25, and 30 m/min. The following activity capacity scores were assigned: 0, no run; 0.5, complete run for 5 min; 1.0, complete run for 10 min; 1.5, complete run for 15 min; 2.0, complete run for 20 min; 2.5, complete run for 25 min; and 3.0, complete run for 30 min. In case of incomplete runs during a step, the full score corresponding to the lower step was assigned. An electric prodder was used during this procedure, and a run was scored incomplete when the animal spent 30 continuous seconds on the prodder.
Cardiac physiological evaluation. At the end of 8 wk of diabetes, steady-state left ventricular (LV) function was evaluated via closedchest carotid arterial catheterization in rats under pentobarbital sodium anesthesia (40 mg/kg ip). The rats were wrapped in warm towels to maintain their body temperature and were allowed to breathe spontaneously during the procedure. A 40-mm-long incision was made in the carotid triangle for right common carotid artery exposure. The Millar microtip conductance catheter was introduced via a carotid incision secured by proximal and distal sutures. The catheter was gently advanced while continuously monitoring the pressure changes to ascertain its entry in to the LV. Following the introduction of the catheter, we allowed time for stabilization of breathing before recording pressure and volume (PV) data. While the catheter was secure in the LV, the steady-state PV data were recorded with the Power Lab MPVS-400 system (ADInstruments, Colorado Springs, CO). The conductance catheter approach specified by the Millar Instruments small-animal cardiac catheterization and measurement manual was utilized. A multivolume cuvette standard with blood obtained from BBDR rats (from a prior pilot study) was used to obtain the conversion factor via linear correlation curve fit. Immediately after data collection, the rats were euthanized with an overdose of pentobarbital sodium.
The pressure and volume data were analyzed with Chart 5.1.1 software (ADInstruments, Colorado Springs, CO). The values for heart rate, stroke volume, ejection fraction, LV output, maximum change in pressure over time (dP/dt max; ϩdP/dt) and minimum change in pressure over time (dP/dt min; ϪdP/dt) were averaged from at least three consecutive cardiac cycles (60) .
Citrate synthase activity assay. An increase in the skeletal muscle citrate synthase (CS) activity was used as a marker of exercise training. The CS activity assay was performed as described (51) . Briefly, left soleus muscle tissue (ϳ200 mg) was homogenized with 20 pestle strokes in glass-Teflon homogenizer on ice in the homogenization buffer [containing 0.1 M Tris, pH 8.1, 0.15 M NaCl, 0.1% Triton X-100, 1 mM ethylenediaminetetraacetate (EDTA) and 0.2 mM phenylmethylsulfonyl fluoride] using tissue mass (mg)-to-buffer volume (l) ratio 1:20. The homogenate was centrifuged at ϩ4°C at 16,000 g for 15 min. The supernatant was removed and stored at Ϫ80°C. Protein concentration in the extracts was measured using Protein Assay Reagent (Bio-Rad, Hercules, CA), and the CS activity in the extracts was assayed in the multiwell plate format as follows. Each well of the 96-well plate contained a final total volume of 200 l of the reaction mix, and the reagents were added in the following order: 20 l 5,5=-dithio-bis(2-nitrobenzoic acid) (Sigma), 5 mM in 1 M Tris·HCl, pH 8.1; 130 L H 2O; 30 l acetyl coenzyme A (Sigma), 10 mM in H2O; 10 l muscle extract; and 10 l oxaloacetic acid (Sigma), 50 mM in 0.1 M Tris·HCl, pH 8.1. Final concentrations of the reagents were as follows: 0.5 mM 5,5=-dithio-bis(2-nitrobenzoic acid), 1.5 mM acetyl coenzyme A, and 2.5 mM oxaloacetic acid. The oxaloacetic acid was added last, to start the reaction immediately before absorbance recording. The reaction was monitored by measuring the absorbance in each well at 405-nm wavelength every 20 s for 3 min using a MRXII Microplate Reader and Kinetic software package (Dynex Technologies, Chantilly, VA). The linear portion of the reaction curve was used to calculate the CS activity, which was expressed in 405-nm absorbance per minute per milligram total protein. All assays were done in duplicates, and each extract was assayed for the CS activity at least three times.
Histology. To determine the characteristics of the passive components of cardiac pump function, histological analyses for interstitial collagen were performed. LV tissue from ϳ3 mm above the heart apex was transferred to 4% paraformaldehyde for fixation, followed by paraffin embedding, sectioning, and staining with picrosirius red to detect interstitial collagen deposits with light microscopy (36) . Images were acquired with a Nikon eclipse TE300 microscope equipped with a spot RTKE camera (Diagnostic Instruments, Sterling Heights, MI). Three fields of view captured at random from every specimen obtained from the LV of each animal were analyzed for histological measurements. Every LV was included in the analysis, and more than five sections from each LV were obtained for analysis.
Transmission electron microscopy. To determine the characteristics of the active components of the cardiac pump function, myocardial mitochondrial analyses by transmission electron microscopy was performed. To ensure mitochondrial integrity, the LV tissue was obtained from the beating heart. Sample preparation for ultrastructural analyses was performed as in our laboratory's previous study (46) . Samples were rinsed in cold PBS and placed in 2% gluteraldehyde at ϩ4°C. This process took Ͻ10 s from biopsy of the beating heart to fixation. The tissue was rinsed in buffer and postfixed with 1% osmium tetroxide. Tissue was rinsed with distilled water before undergoing a graded ethanol dehydration series and was infiltrated using a mixture of one-half propylene oxide and one-half resin overnight. Twenty-four hours later, the tissue was embedded in Epon 812 resin (Electron Microscopy Sciences, Ft. Washington, PA).
Eighty-nanometer sections were cut on an LKB Nova Ultratome and were placed on acid treated grids, which were stained using a double lead stain technique with 0.5% lead citrate and 7% uranyl acetate. Images were captured using a JEM 100 CXII transmission electron microscope at 80 kV. Six fields of view, captured at random from each specimen, were included for image analyses.
Image analyses. Histological and ultrastructural profiles were analyzed with Image J, a freely downloadable Java-based environment (http://rsb.info.nih.gov/ij). The myocardial interstitial collagen fractional area was determined as the ratio of interstitial collagen area to the area of the field of view, expressed as a percentage. Mitochondrial fractional area was determined in a similar manner. Only viable mitochondria were included, as defined by intact inner and outer membranes (46) .
LV protein extraction. For total protein extract, LV tissue (ϳ30 mg) was homogenized using a glass Teflon homogenizer in an ice-cold extraction buffer (1:20 mass/volume) containing 10 mM Tris·HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 20 mM Na 2MoO4, 50 mM NaF, 0.2 mM Na3VO4, and 1% Triton X-100. Extraction buffer was supplemented with complete, Mini EDTA-Free Protease Inhibitor Cocktail tablets (Roche Applied Science, Indianapolis, IN). After centrifugation at 16,000 g for 15 min at 4°C, the supernatant was collected. Cytosolic and membrane protein fractions were extracted from ϳ150 mg of LV tissue as described elsewhere (55) . Protein concentration was determined using Protein Assay Reagent (Bio-Rad, Hercules, CA).
PKC ␤II immunoblotting. Equal amounts of myocardial samples per lane (50 -100 mg) were electrophoresed on 8% SDS-polyacrilamide gels, transferred onto polyvinylidene fluoride membranes, and processed according to a standard immunoblotting procedure (50) . For PKC-␤II detection, primary rabbit polyclonal antibody (catalog no. sc-210, Santa Cruz Biotechnology, Santa Cruz, CA) was used. Antibody binding was assessed by Pierce Supersignal West Pico chemiluminescent substrate (Pierce, Rockford, IL). Rat cerebrum lysate (BD Biosciences, San Jose, CA) was used as a positive control. The specificity of the PKC-␤II bands was verified using the antibody specific blocking peptide (catalog no. sc-210 P: Santa Cruz Biotechnology). Equal loading was confirmed with Ponceau's solution (Sigma) staining of membranes. Densitometric analysis was carried out with Adobe Photoshop CS2 software.
PKC-␤II activity assay. PKC-␤II was partially purified by passing the fractions through a column with TSK Toyopearl DEAE-650M (Toyo Soda, Tokyo, Japan) and was eluted with 200 mM NaCl. PKC-␤II activity was measured using phosphocellulose P81 (Whatman) paper assay (43, 44) , as described elsewhere (11, 30) . Phosphate incorporation into a hexadecameric peptide ERMRPRKRQGSVR-RRV (synthesized and purified by SynBioSci, Livermore, CA), a PKC ⑀-pseudosubstrate (11), was measured at 30°C for 10 min in the reaction mixture containing 10 mM MOPS, pH 7.2, 12.5 mM ␤-glycerophosphate, 0.5 mM sodium orthovanadate, 0.5 mM dithiothreitol, 0.5 mM CaCl 2, 10 mM Mg(CH3CO2)2, 0.2 mM [␥-
32 P]ATP (50 Ci/mol), 80 g/ml phosphatidylserine (Sigma), 8 g/ml DAG (Upstate Biotechnology, Lake Placid, NY), 0.3 M protein kinase A inhibitor peptide (PKI; Upstate Biotechnology), 3.3 M Ca 2ϩ /calmodulin-dependent protein kinase inhibitor (compound R24571, Upstate Biotechnology), and 95 M peptide. PKI and compound R24571 were used to ensure that measured activity was due to PKC-␤II. Aliquots (30 l) were spotted onto P81 filters, washed with 0.5% H 3PO4, and counted in a scintillation counter. To account for basal activity, including autophosphorylation, the reaction was performed in the absence of the substrate, and these values were subtracted from corresponding experimental values.
LV lipid analyses. Samples for lipid analysis were prepared essentially as described (5) . Briefly, 50 mg of fresh frozen tissue were cut in small pieces and homogenized in 500 l of ice-cold buffer containing 50 mM Tris, pH 7.4, 0.25 M sucrose, 25 mM KCl, and 0.5 mM EDTA, using glass Teflon homogenizer for 40 s. After cooling on ice for 15 min, the samples were homogenized again for 20 s, and the homogenates were filtered through the gauze pad, assayed for protein concentration, and stored at Ϫ80°C until the analysis. Analysis for the levels of DAG and sphingosine was performed according to the methods presented elsewhere (5) .
Statistical analyses. Statistical analysis was performed with SPSS (version 15.0). Group differences on parameters were tested with a factorial (two-way) ANOVA. Two factors with two levels were specified as follows: factor A, health status (level 1: nondiabetic; level 2: diabetic), and factor B: physical activity status (level 1: nonexercised; level 2: exercised). In the presence of insignificant interaction effects, further analysis on the main effects was performed using simple one-way ANOVA at each level of factors A and B. In the presence of group differences, post hoc pairwise multiple comparisons were performed using Tukey's honestly significant difference test with the level of significance held at P Յ 0.05. When significant interaction effects were observed in the presence of significant main effects (ordinal), a simple one-way ANOVA was performed with Tukey's honestly significant difference post hoc tests. In the presence of significant, disordinal interactions, the interpretation of data from one-way ANOVA was preceded with caution that the main effects may not be necessarily significantly different on marginal means. Data were presented as means Ϯ SE. Table 1 summarizes the results from gravimetry and glucometry of rats with 8-wk diabetes and exercise training. With insulin treatment, the ND group was able to maintain 80% of the NN group's mean body mass. Meanwhile, the heart-to-body mass ratio of ND, EN, and ED groups was increased (23, 18 , and 24%, respectively) compared with the NN group, suggestive of cardiac hypertrophy in the former three groups. The results from heart-to-body mass ratio, however, were not an unbiased indicator of cardiac hypertrophy in the animals due to the catabolic flux-induced body mass loss in diabetes. Meanwhile, taken together with complementary data (e.g., activity capacity and microscopy), it provides information on the cardiac health of animals in this study.
RESULTS

Gravimetry and glucometry.
Insulin therapy alone was unable to restore the glucose homeostasis in the ND group, as demonstrated by their HbA1c levels. However, with the combination of exercise training and insulin treatment, there was a 28% decrease in HbA1c levels in diabetic animals compared with the ND group, illustrating the beneficial role of exercise on plasma glucose regulation in BBDR rats.
Skeletal muscle CS activity. The soleus CS activity was increased 32% in the ED group compared with the ND group, thus marking the training effect in diabetes (Fig. 1A) .
Physical activity challenge. The mean activity capacity score (Fig. 1B) was 2.5 in the NN and ED groups and 3.0 in the EN group, whereas it was 1.0 in the ND group, the latter indicating compromised ability to sustain physical activity in the presence of diabetes and the absence of exercise training.
LV hemodynamics. The LV hemodynamic parameters are summarized in Fig. 2 . There was no significant difference in the heart rate between the NN, ND, and ED groups. However, we observed a 12% decrease in the heart rate of the EN group compared with the NN group.
While the stroke volume decreased by 48% in the ND group compared with the NN group, exercise training prevented this deficit in the diabetic rats. Accordingly, the ejection fraction showed an 18% decrease in the ND group compared with the NN group and improved in diabetes, with training. The basal decrease in ejection fraction across all four groups (relative to the 55-70% standard in humans) could be attributed to the use of pentobarbital sodium anesthesia, which has the effect of attenuating steady-state LV ejection fraction in rodents (25, 59) .
The LV output in the ND group decreased by 51% compared with that in the NN group. Both the ϩdP/dt and ϪdP/dt showed a decrease (30 and 46%, respectively) in the ND group compared with the NN group. This indicated that both the active (contractile) and passive (relaxation) components of cardiac pump function were compromised in the diabetic heart. With training, however, diabetic rats were able to overcome these deficits in ϩdP/dt and ϪdP/dt.
Significant interaction effect between the health status (factor A) and physical activity status (factor B) was observed on all hemodynamic measures, except heart rate, suggesting the differential effects of exercise training on nondiabetic and diabetic rats.
LV myocardial histology. Upon screening of collagen, a structural component of passive cardiac pump function, nonuniformly distributed dense picrosirius red staining indicative of thick collagen weaves dominated the histological profiles of ND myocardium (Fig. 3) . The collagen distribution was uniformly sparse and pericellular in the NN, EN, and ED groups. The collagen fractional area increased 2.4-fold in the ND group compared with the NN group. With training, the collagen fractional area in the diabetic myocardium returned to levels (4.1 Ϯ 2.8%) comparable to control (5.7 Ϯ 2.7%). Significant interaction effects between the health status and physical activity status of the animals was observed with respect to collagen deposition in the myocardium.
LV myocardial ultrastructure. To quantify the structural components fundamental to active cardiac pump function, we analyzed the distribution and characteristics of mitochondria. The viable mitochondrial fractional area in the ND group decreased 65% compared with that in the NN group (Fig. 4) . With training, the reduction in viable mitochondrial fractional area in the diabetic myocardium was attenuated by an 81% increase compared with the ND rats. A significant interaction effect between the health status and physical activity status of animals was observed with respect to LV myocardial mitochondrial fractional area.
LV PKC-␤II protein levels and activity. Immunoblotting analysis revealed that the PKC-␤II antibody detected protein bands with different apparent molecular masses in rat LV extracts (total, cytosolic, and membrane protein fractions) (Fig. 5A) . We observed three bands in the total protein extracts with apparent molecular masses of 80, 78, and 76 kDa, similar to findings from human ventricular tissue (48) . The 80-kDa band Exercise training increased skeletal muscle citrate synthase activity and activity capacity in diabetes. A: citrate synthase activity levels determined in the soleus muscles of rats from all groups. The activity of mitochondrial oxidative enzyme was measured to mark the exercise training effect. The enzyme activity was expressed as 405-nm absorbance (A405) per minute per milligram protein. Factorial (2 ϫ 2) ANOVA interaction effect (health status ϫ physical activity status) was not significant. B: activity capacity scores assigned to all four groups of rats after the cessation of exercise training. The scoring method was employed to complement the results from A and to partly determine the ability of metabolically active lean tissue to sustain an increased physical challenge in the presence of cardiac hypertrophy. Higher scores indicate better performance. Factorial (2 ϫ 2) ANOVA interaction effect (health status ϫ physical activity status) was significant (P ϭ 0.001 comigrated with the single band of 80 kDa from the rat cerebrum total protein lysate (positive control) (19, 23) . The three forms of PKC-␤II observed in the rat LV extracts differ by their phosphorylation state that affects their electrophoretic mobility (31, 42) . The 76-kDa form represents a newly synthesized protein that is not phosphorylated or phosphorylated at threonine 500. This form is not active toward PKC substrates (31) . Its autophosphorylation at threonine 641 results in the 78-kDa form that is capable of further autophosphorylation at serine 660, yielding the 80-kDa form. The 80-kDa form represents a "mature" protein that is fully phosphorylated and capable of translocating to membrane (42) marking PKC-␤II activation. Noteworthy, all three bands were specific PKC-␤II bands, as confirmed using the antibody-specific blocking peptide (not shown). Of the three forms, the mature 80-kDa form is active both in vivo and in vitro; thus we included only this form in our further analyses, similar to other reports (26) . The total PKC-␤II protein level was indistinguishable between the NN, ND, and EN groups (Fig. 5B) . Training mediated an 82% increase in the protein levels of ED compared with the ND group. Since PKC-␤II activation is indirectly evaluated by its distribution between cytosol and membrane (26), we analyzed the PKC-␤II levels in cytosolic and membrane fractions. We noticed no difference in the cytosolic and membrane levels of PKC-␤II between groups (Fig. 5, C and D) . Moreover, the PKC-␤II activity in cytosolic and membrane LV fractions was also not different between groups (Fig. 6, A and B) . No interaction effect was observed between the main factors with respect to PKC-␤II activity, as well as cytosolic/membrane protein expression levels. LV PKC-␤II activator and inhibitor levels. The level of PKC-␤II activator, DAG, increased 115% in the diabetic LV compared with NN group, and this increase was prevented with exercise training (Fig. 7A) . Moreover, we noticed that the level of sphingosine, a potent inhibitor of PKC-␤II, was unchanged in the LV of diabetic animals and demonstrated no difference with exercise training (Fig. 7B) .
DISCUSSION
The main findings of present study on the BBDR rat model of Type 1 diabetes are as follows: 1) manifestation of abnormal cardiac structure and function; 2) prevention of cardiac abnormalities with endurance exercise training; and 3) decrease in myocardial DAG levels as a possible mechanism mediating the training-induced cardiac benefits in Type 1 diabetes.
We chose the rat model to study DCM pathogenesis and intervention, since rats are inherently resistant to the development of atherosclerosis in the absence of high-fat diet. As a result, rats have become the model of choice for studying DCM pathology, without the confounding effects of cardiac macrovascular disease (24) . BBDR rats circulate normal numbers of CD4ϩ, CD8ϩ, and ART2ϩ T cells and develop diabetes only under conditions that mimic an interaction of a viral perturbant with their genetic loci susceptible for diabetes through autoimmune pathogenesis, hence modeling human Type 1 diabetes effectively (39, 41) . Although invaluable in our understanding of diabetic complications, the chemotoxin-induced models (e.g., the streptozotocin-or alloxan-induced diabetes) suffer from a disadvantage in modeling humans with Type 1 diabetes due to the absence of autoimmune pathogenesis and compensatory mechanisms that allow for survival without insulin dependence. The aforementioned features preclude the results obtained from chemotoxin-induced models of Type 1 diabetes for efficient translational and therapeutic utilization. With the utility of BBDR rats, however, these limitations were overcome. The manifestation of structural features like myocardial interstitial fibrosis and decrease in viable myocardial mitochondrial density, along with compromised cardiac pump function, showed that the BBDR rat model could be successfully utilized to investigate the pathophysiology of diabetic heart.
With training, rats in the ED group demonstrated an increased activity of soleus CS compared with their nonexercised counterparts. It was shown in our laboratory's earlier studies that the training protocol used in this study was sufficient to improve cardiac structure and function in diabetes compared with nonexercised animals (46, 51) . The activity capacity scores, complemented by the histological results for collagen accumulation in the myocardium of the ED group, suggested a cardiac training effect, although peripheral adaptation effects could not be ruled out.
The ND group showed a significant compromise in LV pump function, as demonstrated by the decrease in stroke volume and ejection fraction compared with the NN group. These results in BBDR rats were reminiscent of the cardiac performance data, obtained noninvasively, from Wistar rats at similar duration of diabetes (2) . In addition to cardiac cycle volumetry, the catheterization procedure allowed us to quantify the instantaneous rates of change of both maximum and minimum LV pressure (ϩdP/dt and ϪdP/dt, respectively) in the ND rats, which were significantly diminished compared with NN rats. The latter result suggests diminution of both systolic and diastolic LV function in BBDR diabetic rats and, consequently, the possibility of failing active and passive components of the cardiac pump. With exercise, however, the diabetic rats were able to retain most of their cardiac pump function comparable to the nondiabetic rats.
The abnormal LV physiological parameters due to the sedentary mode of life in diabetes were improved following exercise training. It is possible that some degree of cardiac dysfunction in BBDR rats was perhaps a result of the catabolic flux, unlike in individuals with Type 1 diabetes (10), thus limiting direct translation of our present study. However, despite the basal catabolic milieu, exercise training improved cardiac function. Stroke volume, ejection fraction, LV output, and ϩdP/dt benefited the most from endurance training. These results clearly underscore the role of endurance training in benefiting the diabetic heart beyond that attainable by insulin therapy alone. Moreover, the results also corroborate the findings of previous reports on the beneficial role of exercise training on the diabetic heart in other animal models of Type 1 diabetes (8, 13, 14, 32, 33 ). We noted a decrease in the steady-state ejection fraction in both diabetic and nondiabetic groups. Our results were consistent with previous reports of decreased ejection fraction in rats anesthetized with pentobarbital sodium under both diabetic (38) and nondiabetic condi- tions (1, 40) . Meanwhile the interaction effects of main factors in our study also pointed out to the differential effects of training on cardiac hemodynamics in the diabetic vs. nondiabetic animals. Interestingly, exercise-mediated improvement of LV end-systolic volume, end-diastolic volume, stroke volume, ejection fraction, output, and pressure differential was dependent on the diabetic status. The improvement in cardiac physiology conferred by exercise was accompanied by improvement in myocardial histology and ultrastructure as well.
Interstitial collagen accumulation in the myocardial tissue is one of the cardinal features of DCM (15) and serves as the marker for detrimental passive performance of the cardiac pump (57) . The passive components (interstitial fibrous proteins) of the cardiac pump confer the myocardium with resilient properties and are the major determinants of ϪdP/dt during the cardiac cycle. Our results indicated an increase in the distribution of interstitial myocardial collagen in the ND group. The ϪdP/dt values of the ND group, along with the abundance of collagen distribution, were suggestive of a nonresilient and stiff LV myocardium, reminiscent of our laboratory's earlier structural MRI report (36) . With endurance training, the structural defect in collagen accumulation in diabetes was attenuated, along with the ϪdP/dt value.
The mitochondria have been implicated as the ultimate target of diabetic cardiovascular complications (9) . Specifically, the diabetic heart manifests both structural and functional abnormalities of mitochondria (16, 46) . By quantifying the viable fraction of myocardial mitochondria, we were able to verify one of the major organellar structural correlates that may underlie the LV functional deficits exhibited by the ND group. The ejection fraction and ϩdP/dt, both parameters representative of the functional efficacy of active cardiac pump, were decreased in the ND group compared with the NN group. It is possible that the significant decrease in viable mitochondrial fractional area in the ND group underlies the deficits of active cardiac pump function manifested by the diabetic LV under a sedentary condition. Endurance training rescued the diabetic LV from the abovementioned functional deficits. The functional restoration occurred in the presence of an increase in the viable mitochondrial fractional area in trained diabetic rats. Taken together, these results verify the role of exercise-mediated benefits on both functional and structural correlates of cardiac pump. Hence, we proceeded to investigate, at the molecular level, the correlate(s) of exerciseinduced benefits on cardiac function in Type 1 diabetes.
Activation of PKC-␤II has been shown as an underlying factor, resulting in cardiac hypertrophy and fibrosis under hyperglycemic conditions (20, 26, 35, 49, 55, 56) . Hence, we hypothesized that the exercise-induced benefits on diabetic myocardium are mediated by the modulation of molecules involved in PKC-␤II signaling. PKC-␤II, one of the conventional isoforms of PKC, is membrane bound for its activation (31) . As a result, previous studies have used the fractional distribution of the protein in myocardial tissue as an indicator of its activation in vivo in the diabetic heart (26) . The isoformspecific activity has been measured in vitro by the capacity of PKC-␤II to phosphorylate its substrates (26) . We looked at the levels, fractional distribution, and activity of PKC-␤II as possible mediators of exercise-induced benefits in the diabetic myocardium. Diabetes did not change the total PKC-␤II protein levels, while exercise training produced an increase in its levels. Fractionation of myocardial PKC-␤II into cytosolic and membrane components did not reveal any difference in protein content and activity between groups. Studies by others have shown that the PKC-␤II protein levels either increased (26, 58) or did not change (28) in the myocardial membrane fraction in diabetes. In addition, the cytosolic PKC-␤II protein levels were found unchanged (19, 26, 28, 58) or even increased (21) in diabetes. Moreover, PKC-␤II activity was increased in membrane fraction only (26) , or in both cytosolic and membrane fractions (19) of the diabetic myocardium. This apparent inconsistency may be due to differences in models used and duration of diabetes. Furthermore, the PKC-␤II activity assay performed in vitro could not necessarily be an accurate reflection of the situation in vivo, when the amount of PKC-␤II protein (cytosolic or membrane) present in control and diabetic cardiac tissue may be the same, but its activation may depend on the amount of its physiological activator (DAG). The in vitro activity assay of semipurified PKC-␤II reflects the total activatable PKC-␤II when an exogenous activator is added in excess. Thus it parallels the amount of protein evaluated by immunoblotting and, as such, confirms the results of the immunoblotting in this study. Meanwhile, as indicated by the results in our study, diabetes-or exerciseinduced regulation of PKC-␤II protein expression, membrane translocation, and in vitro measured activity did not occur in BBDR rat myocardium.
PKC activation is dependent on the availability of DAG (and hence its levels); meanwhile, PKC activity is not solely dependent on the availability of its activator (DAG), but on the availability of PKC-␤II substrates as well. Catalytically incompetent PKC is cytosolic and is bound to a pseudosubstrate in vivo. DAG is required for the binding of PKC to membrane and detachment of the pseudosubstrate from the catalytic site (activation of PKC) to make the kinase competent and accessible to substrates. We considered the possibility that DAG, the key activator of PKC-␤II in diabetes, was modulated by exercise training. Widespread increase in DAG synthesis occurs as a result of hyperglycemia in vascular tissues (27) , including the heart (26). Chronic hyperglycemia leads to increased DAG accumulation, mainly through de novo synthesis (56) . DAG-induced activation of PKC-␤II has been attributed to the vascular complications of diabetes (9, 35, 55, 56) . Previous studies suggested the possibility of modulation of skeletal muscle DAG content in the context of exercise-mediated insulin signaling benefits on skeletal muscle (12, 54) . However, the aforementioned studies involved electrical stimulation of normal skeletal muscles that may not be applicable to diabetic cardiac muscle with exercise training. Our results indicated that the myocardial DAG content was increased in diabetic rats compared with the nondiabetic group. Importantly, this increase was prevented by exercise training. Interestingly, exercise also resulted in an associative decrease in the myocardial DAG of nondiabetic rats, thus demonstrating no interaction effect between the main factors.
Sphingosine, one of the breakdown products of sphingolipids, is a potent inhibitor of PKC-␤II (22) . Our results indicated no changes in the myocardial sphingosine content in diabetic rats. Similarly, studies on obese individuals with Type 2 diabetes showed no changes in cardiac sphingosine levels (3). Exercise has been shown to mediate an increase in skeletal muscle sphingosine in healthy rats (6) . However, the role of exercise in modulating cardiac sphingosine levels has not been studied. Our results showed no change in myocardial sphingosine content with diabetes and exercise training, suggesting that sphingosine was not a likely mediator of exercise-induced benefits in diabetes.
Our study revealed that neither diabetes nor exercise significantly affected the fractional LV PKC-␤II content and activity in BBDR rats. Although our biochemical results were in contrast to some other reports studying various other animal models of Type 1 diabetes (26, 58), they were, on the other hand, not unique to our study (19, 28) , as mentioned earlier.
The hemodynamic, histological, and ultrastructural data ob- tained in our study, meanwhile, indicated the deterioration of cardiac structure and function with diabetes in the absence of exercise. Collectively, these results were suggestive of compromised homeostasis at the molecular level that perhaps is not the result of a change in PKC-␤II content in BBDR rats. Meanwhile, on investigation for possible biochemical changes upstream (activation) and downstream (inhibition) of PKC-␤II, which may underlie the pathological changes of the diabetic heart and their alleviation by exercise training, DAG (the activator of PKC-␤II) emerged as a likely molecular candidate and a possible mediator of exercise-induced benefits in the diabetic heart. Exercise decreased DAG and fibrosis without impacting PKC-␤II levels and activity. In summary, our results indicated that it was the differential availability of the PKC-␤II activator (DAG) and not the PKC-␤II protein content/activity that was implicated in the cardiac abnormalities of BBDR rats with autoimmune diabetes. It is possible that the functional benefits conferred by prevention of myocardial mitochondrial damage in diabetes with exercise complement the benefits of decrease in myocardial DAG. These results are suggestive of an in vivo scenario in which the increased myocardial DAG content in diabetes leads to the complications (9) and its decrease, by association, with exercise training ameliorates cardiac dysfunction. The causal role of exercise-induced decrease in DAG content in ameliorating diabetic cardiac dysfunction awaits further investigation.
